The products of the trithorar gene are required to stably maintain homeotic gene expression patterns established during embryogenesis by the action of the transiently expressed segmentation genes. We have determined the intron/exon structure of the trx gene and the large alternatively spliced trx RNAs, which are capable of encoding only two protein isoforms. These very large trx proteins differ only in a long Ser-and Gly-rich N-terminal extension, encoded by exon II, which is present only in the larger trx isoform. We have identified a novel variant of the highly conserved nuclear receptor type of DNA binding domain. We have found that the previously identified Cys-rich central region contains multiple novel zinc finger motifs which are also present in the Polycomb-like protein and RBP2, a retinoblastoma binding protein. The trx proteins terminate with another novel conserved domain which we have identified in proteins from three kingdoms, including plants and fungi, indicating that has an ancient origin. Many of these proteins are chromosomally associated, suggesting that this domain may be involved in interactions between trx and other highly conserved components of chromatin involved in transcription regulation. The sequence alterations of trx mutations identify the highly conserved regions of trx as critical for the function of these large proteins. We show that zygotically expressed trx RNAs encoding the larger protein isoform are initially expressed in a spatially restricted pattern which overlaps the expression domains of the BX-C genes Ubx, abd-A and Abd-B. This pattern is transient and evolves into a broader expression domain encompassing the entire germ band during the extended germ band stage.
Introduction
The spatially restricted expression patterns of the homeotic genes in the Bithorax and Antennapedia complexes (BX-C and ANT-C) confer unique segmental identities on cells throughout the embryo. Beginning at the blastoderm stage, the concerted activities of transcriptional regulators encoded by the segmentation genes establish the restricted spatial domains and levels of expression of each of the homeotic genes. These transiently expressed segmentation gene products disappear after the first few hours of embryogenesis, but the spatial patterns and levels of homeotic gene expression which they initiated are maintained throughout the rest of development.
Indeed long term stability of the patterns and levels of the homeotic gene expression is essential to their function in implementing stable determination of cell fates and differentiation of the normal body plan (Morata and GarciaBellido, 1976; Struhl, 1982; Merrill et al., 1987; Diederich et al., 1989) .
The trithorax-Group (trx-G) and Polycomb-Group (Pc-G) proteins play key roles in the maintenance of homeotic gene expression patterns throughout the rest of development. During the extended germ band stage, the activities of the PC-G genes become required to maintain the repression of each homeotic gene anterior to its normal expression domain (Lewis, 1978; Denell and Frederick, 1983; Jiirgens, 1985; Struhl and Akam, 1985; Gould et al., 1990; McKeon and Brock, 1991; . The PC-G proteins appear to be directly involved in this process since they are present in multiprotein complexes which are localized at specific chromosomal sites, including those of the homeotic genes (Zink and Paro, 1989; DeCamillis et al., 1992; Franke et al., 1992; Rastelli et al., 1993) .
The trx-G proteins (Kennison and Tamkun, 1988; Shearn, 1989) are required to maintain the expression of homeotic genes within their normal expression domains. Mutations in trx cause segment identity transformations similar to those seen in mutants of the ANT-C and BX-C genes Scr, Antp, Ubx, abd-A and Abd-B (Ingham and Whittle, 1980; Ingham, 1981; Ingham, 1985) . Genetic studies suggested that trx is required for expression of these ANT-C and BX-C genes. We previously showed that trx embryos do indeed express reduced levels of Dfd, Scr, Antp, Ubx, abd-A, and Abd-B proteins, which correlate with the specific segmental identity transformations observed in their embryonic cuticles (Breen and Harte, 1993 ; see also Cabrera et al., 1985; Ghysen et al., 1985; Mazo et al., 1990) . Furthermore, each homeotic gene exhibits a complex pattern of parasegment-specific, tissuespecific and promoter-specific requirements for trx, indicating that maintenance of stable long term expression of homeotic genes is considerably more complex than previously suspected (Breen and Harte, 1993) . This complexity suggests that the requirement for trx may not reflect a property of the homeotic genes themselves, but rather a property of specific factors or enhancers which control the expression of individual homeotic genes in specific subsets of their expression domains. We suggest that trx may be required to assist a subset of transcriptional activators present at the promoters of individual homeotic genes in particular cells, perhaps by establishing open chromatin domains.
Mutations in trx and other trx-G genes suppress the homeotic transformations caused by PC-G mutations (Ingham, 1983; Kennison and Tamkun, 1988; Jones and Gelbart, 1993) . The dominant homeotic derepression phenotypes of PC mutants are also enhanced in flies carrying an extra trx+ gene (three copies) and suppressed in flies carrying only a single copy of trx+ (Capdevila and Garcia-Bellido, 1981; Kennison and Russell, 1987) . These genetic interactions suggest that trx competes with or antagonizes the activities of the PC-G proteins and that the long term stability of homeotic gene expression patterns may depend critically upon the balance of these competing positive and negative regulatory factors acting on the homeotic genes.
We and others previously isolated the trx gene (Mozer et al. 1989; Mazo et al. 1990; Breen and Harte, 1991) . We demonstrated by P element-mediated transformation and rescue of a It-x null mutation that a 34 kb DNA segment contains all the sequences essential for trx function (Breen and Harte, 199 1) . We demonstrated that this interval contains a single primary transcription umt spanning 23 kb and produces multiple mRNA size classes: a -10 kb maternal RNA, a -12 kb RNA size class expressed maternally and zygotically and a -14 kb RNA size class expressed only zygotically. We showed that these trx RNAs differ by the alternative usage of at least one exon present only in the larger mRNA. Here we present the characterization of the trx gene structure and the two predicted trx protein isoforms. A previously reported cDNA sequence (Mazo et al., 1990 ) now corresponds to one of the larger RNAs containing alternatively spliced exon II. We also present genetic data which identify functionally important domains of the trx protein and show a transient spatially restricted expression pattern of trx RNAs encoding the larger isoform. Fig. 1 contains a summary of the trx gene structure based on comparison of genomic sequence of the trx primary transcript and new and previously reported cDNAs (Mazo et al., 1990, Breen and Harte, 1991) . The trx gene contains at least eight exons and encodes multiple alternatively spliced and differentially polyadenylated mRNAs between 11 kb and 15 kb capable of encoding only two protein isoforms (see below).
Results

Structure of the trx gene
Previous Northern analysis suggested that all trx RNAs share a common 5' end (Breen and Harte, 1991) . One previously reported cDNA (Mazo et al., 1990) contains a G at its 5' end which is not present in the genomic sequence and might correspond to a 7-Me-G cap added post-transcriptionally.
Primer extension analysis using a primer 30 bases 3' of this position, an interval which contains no potential splicing sites, indicates that a primary transcription start site lies a few nucleotides 3' of this position and minor start sites extend only a few nucleotides 5' of it (Fig. 2) .
The 3' end of the trx primary transcript is differentially processed by alternative usage of two polyadenylation signals. Probes derived from sequences 13 kb downstream of the stop codon were previously shown to be the most 3' probes which detect trx RNAs on Northerns (Mozer and Dawid, 1989; Breen and Harte, 1991) . We found only two consensus polyadenylation signals (AAUAAA) (Proudfoot and Brownlee, 1976; Wickens and Stephenson, 1984) within the 2 kb downstream of the stop codon, one at 117 bp and another -1.6 kb downstream of the stop codon. A subset of maternally expressed cDNAs isolated from an ovary library end shortly after the first AAUAAA signal. Another group from the same library end at various positions much further downstream, suggesting that both polyadenylation signals are used in the processing of maternal transcripts. The predicted size of these two differentially polyadenylated maternal RNAs, which do not include exon II, would be 10.9 kb and 12.5 kb, suggesting that they correspond to a previously reported '10 kb' maternal RNA observed only in very early embryos and a '12 kb' transcript which is Gray shading indicates regions with unusual sequence composition, whose specific properties are indicated above bar. '+' indicates highly acidic regions. The putative nuclear receptor type DNA binding domain is in black. Regions homologous to the human ALL-I and murine All-l proteins are shown in diagonal striping, including the central Cys-rich 'zinc finger' region, the two short regions flanking the DNA binding domain, and the C-terminal region, which is composed of a region shared only with ALL-I and All-1 , followed by the highly conserved tromo domain, also found in many other proteins (reverse diagonal). Scale in amino acid residues is shown above. Below the bar, the position of mutations discussed in this work. present both maternally and zygotically. The 3' ends of zygotically expressed cDNAs analyzed, i.e., isolated from embryonic cDNA libraries (Mazo et al., 1990 ) are com- Fig. 2 . Primer extension analysis of trx 5' end. Lane 1, 10,ug of yeast total RNA; Lanes 2 and 3, IO and 5Opg of Drosophila total RNA from O-18 h embryos. The sequence ladder is derived from a sequencing reaction on a cloned genomic DNA template using the same primer. A single major transcription start site (lower arrow) appears to lie just three bases 3' of the start of a previously reported cDNA (Mazo et al., 1990) with some minor products extending only an additional four bases further 5' (upper arrow) and likely corresponding to minor start site(s) in this region. patible with use of the further downstream polyadenylation signal. Thus the predicted size of the zygotically expressed trx RNA which includes exon II (13.7 kb) suggests that it corresponds to the previously described '14 kb' transcript.
There is a UUUUUAU motif just before the further 3' polyadenylation signal. This motif has in some cases been implicated in regulated polyadenylation and translational activation of some maternal RNAs (Fox et al., 1989; Vassalli et al., 1989; .
The larger trx RNA contains alternatively spliced exon II (1237 bp), which is not present in the smaller RNAs (Breen and Harte, 1991) . This is the only splicing difference we have detected, although we have not analyzed the large (7 kb) intron I region in detail. The existence of an additional -0.5 kb exon there was suggested from one previously reported cDNA (Mozer and Dawid, 1989) and recently confirmed to be non-coding .
The trx RNAs contain a single long common ORF. RNAs containing exon II are predicted to encode a protein whose translation is initiated at base 153 of exon II and terminated in exon VIII. The sequences contained in the smaller RNAs, which are missing exon II, are a subset of those in the larger isoform and are predicted to encode an identical protein except that its translation is initiated at the first AUG codon in exon III (19th base). There are multiple AUG codons preceding the predicted translation starts of both isoforms, many of which match the Droso-phila initiation site consensus (Cavener and Ray, 1991) . The presence of these AUGs could attenuate the translational efficiency of trx RNAs and may account in part for the low levels of endogenous trx protein we observe (Chinwalla and Harte, unpublished) . All trx cDNAs encoding C-terminal coding sequences derived from exons V through VIII, have identical intron/exon structures, indicating that the structure of the Cterminal coding sequence is apparently not affected by alternative splicing of these exons. Introns V-VII are small (70, 72, and 60 bp) and analysis of their phasing and all possible splicing events involving these exons (assuming use of the donor and acceptor sites already identified) also indicates that no alternative splicing involving them would maintain the reading frame. In particular, a C-terminal ancient conserved motif (see below) encoded by sequences extending from the end of exon V to exon VIII and found at the C-terminus of 13 other proteins, is apparently maintained intact in all trx mRNAs.
Overall, the predicted trx proteins are slightly acidic and moderately rich in Ser (12%) and Gln (8%) A large central region (residues 2319-3065) which is highly depleted of charged residues is also 19% Gln. Within and flanking this region there are Gln runs of 10113 (residues 2505-2517), 11113 (residues 2931-2943), 10114 (residues 2981-2994), 8/l 1 (residues 31655-3175), 7/l 1 (residues 3181-3191), 7/7 (residues 1576-1582).
In some transcriptional activators, Gln-rich segments have been found to comprise the activation domains. Short poly(~-glutamine) peptides have also recently been shown to be capable of forming parallel P-sheets strongly held together by hydrogen bonds and proposed to mediate protein-protein interactions (Perutz et al., 1994) . Both predicted proteins also contain a highly acidic region encoded by exon III (1177 bp), which, as previously noted (Mazo et al., 1990) , contains one long acidic run (residues 551-585) that is 69% Asp + Glu.
Despite its length (-1.6 kb), analysis of the 3' untranslated region present in RNAs utilizing the downstream polyadenylation signal reveals no potential coding sequences and no sequences which conform to Drosophila splice acceptor sites (Mount et al., 1992) , suggesting that there is no additional differential splicing involving this region. While other alternative splicing products using novel donor or acceptor sites are possible, we suspect that we have identified all the differential coding potential of the trx RNAs and that only the two trx isoforms described here exist.
General properties of the trx proteins
The two predicted trx proteins are identical except that TRXII contains 368 additional N-terminal residues, all but 6 of which are encoded by alternative exon II. The exon II-encoded residues are highly enriched in Ser (22%) and Gly (14%) and, remarkably, include only 11 strongly hydrophobic residues (L, I, V, M, F) in a 213 residue stretch (residues 25-241). Residues 68-120 comprise a highly uncharged segment composed predominantly of Gly (30%), Ser (34%) and Asn (11%). Many of the Ser residues are potential phosphorylation targets. Together, these features suggest that this differentially utilized N-terminal extension corresponds to a flexible or unstructured region of the TRXII protein which is probably solvent exposed and available for interactions with other proteins. The trx gene is predicted to encode only two very large Within the 1100 N-terminal residues are four PEST protein isoforms: TRXI (predicted: 3358 residues, sequences, which are found in many proteins with short M, = 365, p1 = 5.8) and TRXII (predicted: 3726 residues, half lives and are believed to act as a signal for rapid M, = 405, p1 = 6.3). We previously characterized anti-trx proteolytic degradation (Rogers et al., 1986 ; Rechsteiner, antibodies raised against a central region common to both 1990). These four segments are significantly high scoring predicted trx isoforms and showed that they specifically in the PESTFIND program (Rogers et al., 1986 ) and cordetect two proteins in the predicted molecular weight respond to residues 59-123 encoded by alternative exon range for these wx proteins. Antibodies raised against the II (score = 7.8), residues 427-443 (score = lO.l), residues isoform-specific residues forming the N-terminus of the 568-611 (score = 27.8) residues 1063-1084 (score = larger TRXII protein specifically detect only the larger of 11.1). The third segment is a extremely high scoring and these two proteins. These same antibodies recognize trx overlaps the highly acidic stretch in this region. The presproteins associated with 63 specific sites on the polytene ence of these sequences may signal rapid turnover of the chromosomes (Chinwalla et al., 1995) .
trx protein, consistent with the low levels of trx protein Fig. 3 . Sequence of the tn proteins. The sequence of the large trx isoform is shown. The smaller isoform is identical, except for the residues encoded in exon II, and is predicted to begin with Met369 of the larger protein. The predicted protein sizes reflect the correction of a sequencing error in a previously reported trx cDNA sequence which resulted in incorporation of an additional 99 bases (formerly amino acid residues 2026-2058) in the middle of exon V (Mazo et al., 1990) . Boxed regions indicate: (I) the putative DNA binding domain (residues 762-8601, (2) the two short regions of homology with ALL-I and AU-1 (residues 616-638, 1074-1098), (3) the Cys-rich Zn finger regions conserved in ALL-i and All-I (residues 1237-1937) and (4) the C-terminal cluster of acidic residues and (5) the C-terminal tromo domain (residues 3577-3726). The double underlines just N-terminal to the tromo domain indicates a region of homology with ALL-I not shared by any other proteins containing the tromo domain. Double underlines in the first 1100 residues indicate high scoring PEST sequences and the highly acidic stretch (residues 550-590). which is also part of a very high scoring PEST sequence. The abundant Gin residues in the central region of the protein are underlined. The position of introns are indicated by arrows. The complete sequence of the trx gene has been submitted to GenBank. The location of the two a-helices after each finger in the glucocorticoid receptor structure is indicated by >> above. Residues contributing to glucocorticoid receptor DBD structural stability are indicated by (1) C above the 8 invariant Cys residues that form the Zn2+ coordination sites (2) $ above highly conserved hydrophobic residues whose side chains interact in the glucocorticoid receptor to form an aromatic cluster at the crossing of the two a-helices (3) L above residues (including the ninth invariant Cys) whose side chains participate in formation of a hydrophobic shell around the aromatic cluster in the glucocorticoid receptor, creating a very stable hydrophobic core which fixes and orients the two crossed a-helices. Highly conserved residues not conserved in trx are indicated by a * and include Asp/C&16 (trx = Ala) and His18 (trx = Lys) in the first finger. Similarity rules are taken from positive scoring pairs in the BLOSUM 62 substitution matrix: M = L = I = V; F = Y = W; Y = H; H = N; R = K = Q; D = E; D = N; E = Q = K; S = T; S = A; S = N. List includes: odr-7, C. elegans odorant response protein; hGR, mGR human and mouse glucocorticoid receptors; hMR, human mineralocorticoid receptor; hAR, human androgen receptor; hPR human progesterone receptor; hER, human estrogen receptor; hERR1, hERR2 human estrogen receptor-related; hTR2, human thyroid receptor; hVDR, human vitamin D receptor; hCOUP, human COUP homolog; hEAR1, human EAR homologs; NGFI, rat nerve growth factor induced protein; HNF4, rat hepatic nuclear factor 4; hRXR, mRXR, human and mouse retinoid X receptors; AD4BP, activator of P450 genes; EcR, Drosophila ecdysone receptor; MSA, Drosophila ecdysone induced protein; usp, Drosophila ultraspiracle protein; Ftzfl, Drosophila ftz activator protein; tll Drosophila tailless protein. List also includes 3 Drosophila proteins with no receptor homology outside the DBD: egon, Drosophila embryonic gonad protein; kni, Drosophila knirps gap protein; knrl, Drosophila knirps-related protein.
we observe in embryos and larval tissues (Chinwalla and Harte, unpublished) .
The trx proteins do not contain a perfect match to the consensus nuclear targeting signal of the SV40 T antigen type (PKKKRKV) (Kalderon et al., 1984) or the bipartite type (Robbins et al., 1991) although the RKRKKL basic cluster (residues 1874-l 878) is similar to the former.
trx homology to the nuclear receptor superfamily
Residues 762-860 (exons IV and V) encode a novel variant of the highly conserved DNA binding domains (DBDs) of proteins in the nuclear receptor superfamily (Fig. 4) . The structures of the estrogen and glucocorticoid receptor DBDs have been determined by 2D NMR (Hard et al., 1990; Schwabe et al., 1990) and the structures of their DBD/DNA complexes have been determined by Xray crystallography (Luisi et al., 1991; Schwabe et al., 1993) .
These structures contain two distinct modules, each containing one C4 zinc finger followed by an amphipathic a-helix. The two a-helices cross at approximately a 90' angle to form a single compact globular domain which is quite distinct from the independent finger domains of TFIIIA and is more akin to a helix-turn-helix motif. The main interactions stabilizing this globular fold are tetrahedral coordination of two Zn2+ atoms by the eight invariant cysteines and interactions among the aromatic side chains of two invariant Phe and two highly conserved Tyr residues (see Fig. 4 ). The latter form part of a hydrophobic core that stabilizes the fold and fixes the orientation of the two modules. The finger of module 1 provides phosphate backbone contacts and its a-helix provides all of the specific major groove base contacts with an RE half-site. The finger of module 2 provides phosphate backbone contacts through conserved basic residues and a DBD dimerization interface.
All those residues which are essential determinants of the form and stability of this structural element are conserved in trx (Fig. 4) , including nine invariant cysteines, two invariant phenylalanines, two tyrosines and several 52 (1995) 209-223 21s other conserved hydrophobic residues that stabilize the fold. The sequence of this putative trx DBD differs from those of nuclear receptor superfamily DBDs by the presence of additional residues: six in the loop of the first finger, ten in the loop of the second finger and fourteen in the 'linker' region between the two fingers. Some length variability is found in these regions of other nuclear receptor DBDs, but trx exhibits a much greater degree of variability than any others. However, if the trx sequence is superimposed on the glucocorticoid receptor DBD structure, all these 'insertions' lie on exposed surfaces, away from DNA contact sites, where they might be accommodated so as to preserve the basic form and integrity of this structural motif and its ability to interact with DNA. The second finger was determined to be a highly flexible unstructured loop, which might well tolerate length variability.
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The odr-7 DBD contains four additional residues in the loop of the second finger (Fig. 4 ) (Sengupta et al., 1994) . A conserved basic residue near the base of the second finger, which makes stabilizing phosphate contacts, is conserved in trx. trx also contains three additional basic residues nearby, imported with the ten residue 'insertion', which might be involved in additional stabilizing phosphate contacts.
Many of the nuclear receptor DBDs bind as homodimers or heterodimers to response elements (REs) comprised of two tandem or palindromic RE half sites. The 'D box' or 'knuckle' of the second finger is involved in DNA binding-induced DBD dimerization and recognition of different half site spacings in different REs. trx and also tailfess (tn) (Pignoni et al., 1990) contain two additional residues here.
The P box of nuclear receptor DBDs contains three residues which are responsible for the sequence specificity of their DNA binding and therefore would not necessarily be expected to be conserved. However, most nuclear receptor DBDs do tend to fall into two families based on the two most common sequences of P boxes (CECKG and CBCKY), each recognizing a closely related set of binding sites. The P box of trx is unique (CWCRK), but most similar to those of HNF-4 (C&CKG) and tll (CECAQ. The Asp residue in the trx P box is found in the same position in only tli and HNF-4. The Val residue in trx P box is unique. (The otherwise conventional hERR1 and hERR2 DBDs are also unique in containing an Ala residue at this same position of the P box.) Position 5 is occupied by a Lys residue in all known P boxes except those of tll (Ala) and trx (Arg). In the glucocorticoid and estrogen receptors this Lys has been shown to contact a guaninine which is conserved in the binding sites of many receptors, but absent from tll binding sites. The DNA binding specificity of this putative trx DBD would thus be expected to differ from that of all the other DBDs in this superfamily.
trx also differs from other nuclear receptor DBDs at several highly conserved positions. Glycine mutagenesis of the glucocorticoid receptor DBD has confirmed the importance of most residues that are invariant or highly conserved in all superfamily members. Important exceptions include the invariant Hisi (trx18 = Lys) and conserved Asp/Gl~ (trx6 = Ala) in the loop of the first finger (Fig. 4) . Changing them to Gly has only a slight effect on DNA binding and activation of transcription (Hollenberg and Evans, 1988) . In the glucocorticoid receptor DBD the mvarlant HislZ makes specific phosphate backbone contacts (Luisi et al,, 1991) , suggesting that the positively charged Lys at this position in trx may function similarly.
Overall, despite the differences between the presumptive trx DBD and the related nuclear receptor DBDs, the genetic and structural studies argue strongly that their homology reflects their similar DNA binding functions.
trx homology to the mammalian ALL-I proteins
The human ALL-l protein and its mouse homolog, Ali-1, which are more than 90% identical, were recently shown to share extensive homology to several regions of trx (Tkachuk et al., 1992; Ma et al., 1993) . Human ALL-f (a.k.a. MLL, HRX, Htrx ) is implicated in various acute mixed lineage leukemias (Tkachuk et al., 1992; Ma et al., 1993) . These large proteins (3968 residues) are similar in size to trx and share with trx a centrally located Cys-rich region containing two highly conserved blocks separated by about 250 residues (Tkachuk et al., 1992; Ma et al., 1993) . Our analysis (Fig. 5) , using the BLOSUM62 matrix, which is more suited to these evolutionary distances, extends this previously reported region of homology by 33 residues on its N-terminus and 85 residues on its Cterminus (trx= 1238-1938; ALL-1 = 1401-2074).
It also reveals additional homology within the 250 residue central part of this region. We also make a minor but more optimal realignment between the sequences, beginning after the first large gap (see Fig. 5A ), which results in the inclusion of an additional Cys residue in the homology. Overall, the three proteins exhibit 60% similarity over a 600 residue stretch which excludes insertions/deletions in each protein. The intron/exon structure of the mammalian and Drosophila genes are very different in this region. The entire Cys-rich region is encoded on a single large (8326 bp) exon in trx, and at least eight exons in the ALL-I gene (Gu et al., 1992) . This region of trx was previously observed to contain multiple potential zinc fingers and to be capable of binding zinc in vitro (Mazo et al., 1990) . We have now identified several other proteins which share limited but significant homology to several portions of the trx Cys-rich domain. These include the Drosophila Polycomb-like (PC/) protein (Lonie et al., 1994) and RBP2, a retinoblastoma binding protein (Fattaey et al., 1993) . The homologous regions in these proteins suggest that this region of trx is organized into several novel C4HC3 zinc finger motifs, which are present in several copies in each of the other proteins as well (Fig. 5B) 
RSIDCAFLTDKS..
A.. The large N-terminal regions of trx and ALL-I preceding their Cys-rich regions are not detectably similar except for two short regions of significant homology which are similarly located in both proteins (Fig. 5C ). They lie 435 residues apart in trx and 633 residues apart in the mammalian proteins and flank the presumptive DNA binding domain of trx (see Fig. 3 ). Their presence suggests that at least portions of the N-terminal regions of these proteins also derive from a common ancestral protein. Unlike trx, ALL-I does not contain a nuclear receptor DBD, but contains multiple 'A-T hooks' and 'SPKK motifs (Tkachuk et al., 1992) in this region, which were originally identified in HMG-I(Y) proteins and implicated in the binding of these proteins to the minor groove of AT-rich sequences (Reeves and Nissen, 1990) . This region of ALL-1 has been shown to bind to cruciform DNA irz vitro (Zeleznik-Le et al., 1994) .
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trx contains a novel highly conserved motif of ancient origin
The 212 C-terminal residues of trx and ALL-l were previously reported to be highly homologous. Our analysis extends this homology to include an additional stretch of 95 residues separated from the former homology by a gap of 39 trx residues (Fig 6A) . More recently, the Ctermini of the Drosophila PC-G protein E(z) (Jones and Gelbart, 1993) and Su(var)3-9, a modulator of Position Effect Variegation (Tschiersch et al., 1994) were also observed to share homology with the C-terminus of trx (Fig. 6B) . The latter homologies unify these activators and repressors of the BX-C and ANT-C as a group at the molecular level, as was previously only suggested by their genetic interactions.
The homology to Su(var)3-9 also establishes their relationship to putative modulators of chromatin structure. This strongly predicts that the mechanisms of action of these novel proteins will share some common fundamental features.
We have identified nine other eukaryotic proteins in the current NCBI databases which contain homology to this region (Fig. 6) . They include fungal and plant proteins, but no bacterial proteins. Alignment of this set of proteins defines a novel motif of ancient origin, dubbed the 'tromo domain', of which the C-terminal 150 residues of the trx, ALL-I and All-l proteins constitute representatives. The 200 residue stretch of trx immediately preceding this region, which is also conserved in ALL-l, is not conserved in any of these other proteins. Although the sizes of these 15 proteins vary widely, this motif lies at or near the C-terminus of all of them. These other proteins have little or no other homology to the more closely related trx, ALL-I and All-l outside of this region, indicating that this region may constitute a functionally autonomous module in the proteins in which it is found. A few of these other proteins do contain more extensive regions of homology to each other upstream of this region, suggesting that they may be more closely related to one another. Several also contain other well characterized motifs.
This region of the trx protein is moderately enriched in both acidic (14% D+E) and basic (17% K+R) residues. Secondary structure analysis, using the method of Benner (Benner et al., 1994) for structure prediction from multiply aligned sequences, strongly predicts that nine of the invariant or highly conserved positions occupied by charged (surface) residues are functionally important. The majority of invariant and highly conserved residues (45181) are highly to moderately hydrophobic and predicted to occupy buried positions where they would be expected to contribute to structural stability. Additional secondary structure analyses for each of these sequences (except HRX-like) using both the Chou-Fasman and Robson-Garnier algorithms were done. Few consensus structures were predicted by both algorithms for all sequences. The G(W/R)Gjml (residues 22-24) and the CC&,,, in the terminal Cys-rich region are always predicted to form turns.
Mutations indicate conserved trx regions are functionally important
We have determined the sequence alterations of a number of trx mutations that fall in the highly conserved regions of the trx proteins, indicating that they are functionally important. The sequence alteration in one of these trxz16, causes a non-conservative single amino acid substitution, replacing a charged basic Arg,,,:, residue with an uncharged hydrophobic Trp residue (R1753W) in the second half of the central highly conserved Cys-rich region (see Fig. 5A ). This Arg residue is conserved in the related ALL-1 and All-l proteins, suggesting that this mutation may perturb a conserved function of this Cysrich region.
The trxz" mutation causes a single amino acid substitution of a Ser for the Gly,,,, (G3601S) in the highly conserved C-terminal tromo domain (Fig. 6 ). This GIy is invariant in all the other proteins containing this domain and is predicted to be a buried residue by Benner's structure program. It is part of the G(R/W)G consistently predicted to form a turn in all the proteins containing this domain by both Chou-Fasman and Robson-Garnier secondary structure programs. This substitution may be expected to perturb the local structure of this region and perhaps compromise its ability to, e.g., interact with other proteins.
trx RNAs containing exon II are transiently expressed in a spatially restricted pattern in early embryos
trx mRNAs encoding the smaller TRXI isoform (missing exon II) are present both maternally and zygotically, while those encoding the larger TRXII isoform (containing exon II) are expressed only zygotically (Mozer and Dawid, 1989; Breen and Harte, 1991) . Probes specific for exon II thus permit selective detection of the tions. Highlights indicate only the most highly conserved residues, i.e., conserved in >70% of the proteins. The G3601S substitution in the t&" allele is indicated. Similarity rules are taken from positive scoring pairs in the BLOSUM 62 substitution matrix. The Cell sequence contains a 107 residue insertion at the 1' and the KGlT protein contains a 337 residue insertion at the same position, suggesting that this large motif may be functionally bipartite. The two C. eleguns homologs were identified in genomic sequence compiled by the C. eleguns genome project (Sulston et al., 1992) . GRAIL (Uberbacher and Mural, 1991) analysis predicts the frame and intron/exon structures compatible with the current alignment. Cell was also subsequently verified in a cDNA. The yeast gene is from genomic sequence compiled by the yeast genome project (M. Johnson, pers. commun.). The fragmentary rice and human HRX(ALL-1)like (hrll, hrl2) sequences are expressed sequence tags from a randomly selected cDNAs (Sasaki, unpublished) (Adams et al., 1992) . While short, their high degree of conservation and C-terminal location are highly diagnostic of its membership in the list. GenBank accession numbers: human ALL-l (hALL), LO4731, L04284; mouse All-l (mAll), L17069; hrll, M78435; hrl2; yeast (yst), L03188; Drosophila E(z), UOO180; Drosophila Su(vw)J-9 (Svar); X80070; human MG44, LO8238; human G9a, X69838; C. elegans Cell (cosROSD3), LO7144; C. ele-,qans Cel2 (cosT26A5). UOO043; human KGIT, D31891; rice, D15100. earliest zygotic expression patterns of RNAs encoding the larger TRXII isoform without the background from maternally expressed trx RNAs (Fig. 7) . Expression of exon II-containing RNAs is detectable by stage four, before cellularization is complete. At this time, it is expressed in a broad spatially restricted pattern along the anteriorposterior axis, between approximately 50% and 20% egg length (from the posterior pole), overlapping the expression domains of Ubx, abd-A and the anterior part of the Abd-B expression domain at this stage (Akam and Martinez-Arias, 1985) . A transient pair-rule-like pattern of four stripes appears within this broad domain. This expression pattern is also modulated along the dorsalventral axis, being expressed at higher levels in the ventral than dorsal part of the embryo. By stage 5, strong staining is evident in a longitudinal ventral band corresponding to the region of the prospective mesoderm.
This restricted expression pattern is transient and beginning during the extended germ band stage evolves into a broader expression domain which encompasses the entire germ band before the completion of germ band extension. By late embryogenesis, exon II-containing RNA is present globally at relatively lower levels, while its expression in the ventral nervous system has increased to a relatively higher level.
Discussion
Structure of the trx gene and proteins
The trx gene produces multiple alternatively spliced RNAs differing in the usage of exon II (1.2 kb) and two alternate polyadenylation signals. Sedkov et al. (1994) also recently reported the structures of the multiple alternatively spliced trx mRNAs and identified an additional small non-coding exon 5' of our exon II, within our large first intron, not characterized in the present study.
The trx RNAs contain a single long ORF and the proteins encoded by each differ only in the presence in the larger isoform of the long Ser and Gly-rich N-terminal extension encoded by alternative exon II. The predicted physical properties of this region suggest that it is solvent exposed and likely to be available for interactions with other proteins. Such interactions might mediate differential transcription regulatory effects of the larger TRXII isoform.
Both of the predicted trx proteins contain a novel variant of the highly conserved nuclear receptor type DNA binding domain. The high degree of conservation of residues essential for the form and stability of these well characterized structural elements make it very likely that this region of trx adopts a structure similar to that of other nuclear receptor DNA binding domains, despite the presence of additional residues in the first and second finger and in the linker region between the two fingers. We have previously shown that the endogenous trx protein binds to 63 specific sites on the polytene chromosomes of the larval salivary gland, including those of its known targets in the BX-C and ANT-C (Chinwalla and Harte, 1995) . This strongly suggests that trx is either a sequence-specific DNA binding protein or associates with another such protein. We have recently identified a several hundred bp interval of Ubx which binds trx in vivo and are investigating binding of trx to this fragment in vitro (Chinwalla and Harte, unpublished) .
Outside their DBD homology, trx proteins contain no other homology to the nuclear receptors, as is the case with several other Drosophila proteins which contain nuclear receptor DBD homology, including hi (Nauber et al., 1988) , knrl (Oro et al., 1988) and egon (Rothe et al., 1989) . However, the trx proteins do share some other very general features with members of the nuclear receptor superfamily. As in a number of receptor genes whose intron/exon structure is known, the two trx DBD fingers are encoded on separate exons (Segraves and Hogness, 1990) . The intron lies within the D box of the second finger in trx, a position shared only with HNF4 (Taraviras et. al, 1994) . Many receptors have a highly acidic transcriptional activation domain immediately upstream of their DBDs. trx has a similarly located highly acidic stretch 170 residues upstream of its putative DBD. Like trx, some of the nuclear receptors also have variable N-termini, generated by differential splicing, which can produce receptor isoforms implicated in promoter selectivity (Evans, 1988) .
Homology to the mammalian ALL-l proteins
The high degree of homology of the Cys-rich regions of trx and ALL-I suggests that they are functionally important and their well defined boundaries with adjacent divergent regions suggests that they are likely to be autonomous functional modules in their respective proteins. The homologies in this region to the Drosophila Pcl protein and the RBP2 protein suggest that a novel double zinc finger motif, present in several copies in each protein, may form a common unit of structure in each of these proteins. The Pcl homology is intriguing, given the antagonistic genetic interactions between trx and PC-G mutations, and suggests that the mechanisms of action of trx and Pcl may share some common features. The similarity to RBP2 might reflect a common involvement of these regions in protein-protein interactions.
Interestingly, a mammalian homolog of another trx-G protein, brahma, was recently shown to bind to the retinoblastoma protein (Dunaief et al., 1994) .
Interestingly, the leukemogenic translocation breaks in ALL-I all cluster tightly around the beginning of the Cysrich region (Gu et al., 1992; Tkachuk et al., 1992) . The resulting N-terminal ALL-l truncation products are leukemogenic ones, presumably due to the acquisition of novel transcription regulatory activities. This suggests that the two large conserved domains of ALL-l and by analogy trx. may play a role in regulating the DNA binding and/or transcriptional activating properties of their respective N-terminal regions. Further support for this view comes from a recent ALL-I mutation which produces a leukemogenic ALL-l protein containing an inframe tandem duplication of the entire region N-terminal to the Cys-rich region. This suggests that separation of this N-terminal region from the C-terminal two-thirds of the protein, even within the same protein, can make the N-terminus leukemogenic (Schichman et al., 1994) .
The trx and ALL-I proteins are divergent N-terminal to their highly conserved Cys-rich regions, where their very different DNA binding motifs are located. However, the presence of two additional short regions of significant homology in this region, flanking the trx DNA binding domain, suggests that at least portions of their N-terminal regions may also derive from a common ancestral protein.
It has been suggested that ALL-l may be the mammalian equivalent of trx (Ma et al., 1993) . They are certainly related, but while their homologous domains very likely have similar functions, their very different DNA binding motifs suggest that such a conclusion is premature and will have to await further demonstration of their functional similarities.
The trx C-terminus defines an ancient conserved motif
The C-terminal 150 residues of trx constitute a novel highly conserved motif. Its presence in proteins from fungal and plant as well as animal phyla indicates that it has an ancient origin, its common ancestor being more than 1000 million years old (Knoll, 1992) . its origin perhaps coinciding with the emergence of eukaryotes. Its presence in 15 proteins to date has allowed us to define its boundaries precisely and identify some potentially significant variations among individual members.
The functions of many of the other proteins containing this domain are unknown. However, a potential unifying theme is that some are known to be associated with chromatin. We and others have recently shown this for trx (Chinwalla et al. 1995; Kuzin et al. 1994 ) and it has also been shown for E(Z) (R. Jones, pers. commun.) . The E(z) protein is required for the binding of the other PC group proteins to their target genes (Rastelli et al., 1993) . In addition to global derepression of the homeotic genes, some mutations in E(z) also cause irregular chromosome decondensation, suggesting that it may also play a role in the organization of chromatin structure (Gatti and Baker, 1989; Rastelli et al., 1993) . Su(var)3-9, which is expected to be chromosomal, based on its effects on Position Effect Variegation, also contains a chrome domain (Tschiersch et al., 1994) as does the otherwise uncharacterized MC44 protein. The chrome domain is a highly conserved motif originally identified in PC and the heterochromatinspecific HP1 protein, encoded by the Su(var)205 gene, but more recently shown to be phylogenetically widespread in animals and plants (Singh et al., 1991) . The PC chrome domain is required for association of PC with chromatin (Messmer et al.. 1992) . The coincidence of these two domains in MC44 and Su(var}3-9 provides another indirect hint that the trx and PC-G proteins are functionally related. Little is known about the others. The G9a protein is purportedly nuclear (Milner and Campbell, 1993) . Aside from trx, none of these other proteins contains a readily identifiable DNA binding domain, suggesting that any association with chromatin may be mediated by protein-protein interactions. The trxz" mutation, which alters a Gly residue invariant in all tromo domains, provides evidence in addition to its evolutionary conservation that the tromo domain is functionally important. Since trx and E(z) are chromosomally associated proteins, involved respectively in activation and repression of homeotic genes, one attractive hypothesis is that the tromo domain mediates proteinprotein interactions with equally highly conserved regions of other chromosomal proteins involved in regulation of transcription or the modulation of chromatin structure. It has been suggested that the antagonistic actions of trx and PC-G proteins might be mediated through competition between the trx and E(z) tromo domains for binding to common target proteins (Jones and Gelbart, 1993) , perhaps with other PC-G proteins themselves.
transient spatially restricted expression pattern of RNAs encoding the larger TRXII isoform
The transient spatially restricted expression pattern of RNAs encoding the larger TRXII isoform is intriguing, as much for its transience as for its existence. Whether RNAs encoding the smaller TRXI isoform are expressed in similar spatially restricted patterns zygotically is more difficult to determine since probes for selectively detecting these RNAs do not exist (all their sequences are included in the larger RNAs). Sedkov et al. (1994) have attempted to infer their expression pattern by using probes that detect all trx RNAs. They concluded that RNAs encoding the smaller TRXI isoform are also expressed in a substantially similar pattern, with perhaps some quantitative differences, although their data also indicate that at least some TRXI RNA is expressed in a uniform distribution during the same period. Our observations also suggest this (Nelson and Harte, unpublished) .
The anterior and posterior boundaries of the early expression domain of TRXII RNAs are similar to those of Ubx at this stage, suggesting that they may also be set by hunchback-and tailless-mediated repression (Qian et al., 199 1, 1993) . Consistent with this possibility, this anterior boundary begins to break down around the time that hb expression decays, giving way to a more global expression domain throughout the germ band. Likewise, the graded expression along the D-V axis suggests that this pattern may also be modulated by factors regulating D-V polarity such as dorsal, twist and snail.
What is the significance of this short-lived spatially restricted expression pattern for normal development?. The fact that it begins to decay in stage 8, giving way to a more global expression domain, suggests that any differential function it exerts must be realized early. The coincidence of this transient expression pattern with the expression domains of the BX-C genes and its correlation with an earlier observable effect of trx mutations on Ubx expression than on Antp and Scr expression suggest has been interpreted to indicate that it plays an essential role. However the Antp expression domain also extends into this early trx domain and its early expression there appears to be unaffected in a trx null mutant , indicating that the differential effect of trx on Ubx at this early stage does not simply result from the restricted trx expression pattern and may not require it. The temporal profile of this transient trx pattern does coincide with an early temperature-sensitive period for trx (C-4 h) (Ingham and Whittle, 1980) , indicating that trx expression during this time is critical. Given that trx is required continuously to maintain homeotic gene expression (Ingham, 1981) , this temperaturesensitive period suggests that a deficit of trx at this early period cannot be compensated by its continuous expression thereafter. This is consistent with a requirement for trx in an early determinative process which fixes the expression status of, e.g., Ubx., perhaps reflecting an essential early antagonistic modulation of PC-G mediated repression, which is beginning to be implemented during this same period and may be irreversible thereafter.
Materials and methods
DNA sequencing and sequence analysis
Genomic DNA from the trx transcription unit was subcloned into pBluescript II in small fragments from a cosmid previously used for transformation rescue experiments (Breen and Harte, 1991) . DNA corresponding to the entire trx transcription unit and some 5' and 3' flanking DNA was sequenced, except for the large first intron (7 kb). Double stranded templates were prepared and a combination of universal and gene specific primers were used with the dideoxy chain termination method and the standard protocol recommended by USB with its Sequenase kit. cDNA clones were isolated from several embryonic cDNA libraries and an ovary cDNA library constructed in hgtll in L. Kalfayan's lab and kindly provided by L. Searles. The 1.6 kb downstream of the predicted stop codon was analyzed for exons using the GRAIL program and for coding sequence using the codon usage analysis algorithm included in the MacVector sequence analysis package. The predicted trx proteins were subjected to analysis with the SAPS (Statistical Analysis of Protein Sequences) programs for statistically evaluating a wide variety of protein sequence properties (Brendel et al., 1992) , run on a SPARC workstation. Homology searches were done using the BLAST family of programs (Altschul et al., 1990 ) available on the NCBI BLAST E-mail server
